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Background: Liver regeneration enables repeat surgical procedures to achieve a potential cure in liver
cancer patients. However, data regarding segmental regeneration and liver anatomy after liver resection
are scarce. This study examined left liver regeneration after right hepatectomy and the impact of hepatic
venous drainage on the regeneration of the paramedian sector (Couinaud's segment IV).
Methods: Twenty patients in whom right hepatectomy with conservation of the middle hepatic vein
(MHV) on healthy liver had been performed were analysed for segmental volumes and vascular anatomy.
Volumetric analysis of left liver segments and three-dimensional MHV reconstruction were conducted
using pre- and postoperative computed tomography. The volumetric proportions represented by each
segment within the left liver were compared and MHV anatomy was analysed to determine its potential
role in the regeneration of left liver segments.
Results: After right hepatectomy, the proportion represented by segment IV within the left liver
decreases by 13%, whereas the proportion represented by segments II and III increases by 15%. This
heterogeneous regeneration is particularly observed in patients in whom a venous branch for segment IVb
is sacrificed, leading to an altered outflow similar to that observed in MHV deprivation. The risk for venous
branch deprivation in IVb is correlated to the depth of the bifurcation of the MHV in liver parenchyma.
Conclusions: It is crucial to conserve the MHV in its distal part if homogeneous left liver regeneration
after right hepatectomy that will allow potential repeat liver resection is to be achieved.
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Introduction
Liver resection, based on the anatomic description of liver seg-
mentation by Couinaud,1 is the best treatment for liver malignan-
cies such as colorectal liver metastases.2 Modern surgical
treatment of liver cancer now implies onco-surgical strategies that
frequently include ‘two-step’ hepatectomies for bilobar disease3
and/or repeat hepatectomies for recurrence.4 In repeat hepatecto-
mies, the morbidity and mortality associated with the procedure
are largely related to the remnant functional liver volume.5 Indeed,
the type and quality of the first hepatectomy is one of the major
determinants of the postoperative course after subsequent hepa-
tectomy. Living donor liver procurement has focused attention on
the level of resection in relation to the middle hepatic vein (MHV)
as a way of preserving venous outflow in the donor remnant in
order to ensure proper liver regeneration.6–10 However, during
right hepatectomy for treatment of cancer, emphasis is more often
placed on margin status and the division of the right portal
pedicle, rather than on the strict preservation of small tributaries
of the MHV. In this study, it was hypothesized that the modifica-
tion of liver anatomy post-resection would be directly related to
the preservation of the MHV peripheral tributaries. The goal of
this study was to evaluate the impact of MHV anatomy on left
liver regeneration after right hepatectomy. To assess the impor-
tance of the MHV, volumes of the left liver segments before and
after right hepatectomy were assessed and compared according to
MHV anatomy.
This paper is based on a poster presentation given at the Eighth World
Congress of the International Hepato-Pancreato-Biliary Association, 27
February to 2 March 2008, Mumbai.
DOI:10.1111/j.1477-2574.2012.00514.x HPB
HPB 2012, 14, 746–753 © 2012 International Hepato-Pancreato-Biliary Association
Materials and methods
Patients
Between January 2006 and December 2008, 70 patients underwent
right hepatectomy (segments V–VIII) at the Hepatobiliary Centre,
Paul Brousse Hospital, Villejuif. Patient selection is described in
Fig. 1. Among these patients, 39 (56%) were excluded for non-
healthy liver (n = 15, 21%), prior hepatectomy (n = 10, 14%),
MHV harvesting (n = 3, 4%) or portal vein embolization (PVE)
prior to hepatectomy (n = 11, 16%). The database of the radiology
department was used to identify patients who underwent both
pre- and postoperative multidetector computed tomography
(MDCT) with arterial and portal venous phases. Postoperative
MDCT was performed at 3–6 weeks after hepatectomy to enable
assessment of liver regeneration.
Twenty patients (29%) who underwent a right hepatectomy
with MHV conservation were eligible for the study. All had
normal hepatic function tests with normal indocyanine green
clearance. None had parenchymal abnormalities at final patho-
logical examination. No contact between any tumour and the
MHV was observed. Indications for right hepatectomy included
living donor liver donation (n = 10), colorectal cancer liver
metastases (n = 4), hepatocellular carcinoma on healthy liver
(n = 2), intrahepatic cholangiocarcinoma (n = 1) and benign
lesions (n = 3). Eleven patients who had undergone radiological
right PVE for colorectal cancer liver metastases (PVE group)
during the same period were used as a comparison group.
Surgery
All patients included were operated by laparotomy by a senior
surgeon (RA, DC, EV) at a tertiary hepatobiliary centre. Right
hepatectomy was conducted after right liver mobilization without
using a ‘hanging’ manoeuvre.11 The artery and portal vein of the
right portal pedicle were dissected and clamped extraparenchy-
mally. Intraoperative ultrasound (IOUS) was performed to iden-
tify the MHV trunk and tumour location (when indicated).
Selective right arterial and portal clamping were used to establish
230 Liver Resections
Between January 2006 and December 2008
70 pure Right Hepatectomies
Without treament in left liver
45 First Right Hepatectomies
34 Without Portal Vein Embolization
31 With Conservation of MHV
20 Eligible patients:
-Living donor : n = 10
-Colorectal liver metastases : n = 4
-HCC : n = 2
-Cholangiocarcinoma : n = 1
-Benign lesions : n = 3
55 Right Hepatectomies
On healthy liver
150 With associated treatment in the left liver
15 Cirrhotic livers
10 Re-hepatectomy
11 Portal vein embolization
3 Living Donors With MHV
harvesting
11 Without pre- and post-
hepatectomy CT at Paul Brousse
Hospital Radiology Department
Figure 1 Selection of the study population. The comparison population comprised the 11 patients who were excluded for having had right
portal vein embolization. MHV, middle hepatic vein; CT, computed tomography
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the transection plane on the right aspect of the line of discolora-
tion indicating the main portal scissura. Transection was con-
ducted by ultrasonic dissector [Cavitron Ultrasonic Surgical
Aspirator (CUSA); Valleylab, Inc., Boulder, CO, USA] and haemo-
stasis was assured by bipolar coagulation or ligature. The Glisso-
nian pedicle was ligated intraparenchymally, as were the MHV
tributaries draining the right liver.
Portal vein embolization
Portal vein embolization was performed under fluoroscopic
control by percutaneous puncture of the right portal vein.12 The
efficacy of the procedure was assessed using Doppler ultrasound
during the postoperative hospital stay.
Imaging
Computed tomography images were acquired using a multide-
tector spiral CT scanner (Brilliance CT 40; Philips GmbH,
Hamburg, Germany) at the Radiology Department, Paul Brousse
Hospital. Images were obtained by helical acquisition after injec-
tion of 2 cc/kg of contrast media (Omnipaque 350; GE Health-
care Ltd, Dublin, Ireland) at the rate of 4–6 ml/s. Arterial, portal
and late phases were acquired with bolus tracking and after 50 s
and 6 min, respectively. Data were collected under the supervi-
sion of a senior radiologist (FC). All patients underwent pre-
and postoperative CT using the same device and the same
technique in order to minimize inter-examination variation in
liver segment volumes.
CT imaging analysis: volumetry and 3-D processing
Liver volumes were semi-automatically calculated using Myrian®
Expert (Intrasense SAS, Paris, France). The liver segments were
delineated according to the hepatic vascular anatomy as described
by Couinaud.1 Segment I was considered as the Spiegel lobe asso-
ciated with the caudal aspect of the paracaval caudate and caudate
process. The gallbladder, inferior vena cava and main portal vein
were excluded. In oncological patients, the volume of tumour
nodules was excluded.
Total liver volume (TLV), left liver volume (segments I–IV)
(volumeLL) and segment I, left lateral section (segments II and III)
and segment IV volumes (volumeI, volumeII,III, volumeIV, respec-
tively) were calculated for each patient on pre- and post-
hepatectomy MDCT. The ratio of segment I to left liver volume
(RI/LL), segments II and III to left liver volume (RII,III/LL) and
segment IV to left liver volume (RIV/LL) were calculated for pre-
and postoperative images. Variations in this ratio before and after
hepatectomy were then calculated for each segment.
Anatomy of the MHV was analysed according to the type of
MHV bifurcation using a simplified version of Renz’s or Neu-
mann’s classifications (Fig. 2).13,14 Pre- and postoperative MHV
anatomy were compared with conservation of the MHV trunk
and its major tributaries to segment IV in the control group.
Venous tributaries were considered as major tributaries if their
Figure 2 Middle hepatic vein (MHV) types according to the Renz–Neumann classification. (a) Type A consists of a classical disposition
with bifurcation of the MHV trunk in two major tributaries for segments V and IVb. (b) Type B presents a long common trunk with multiple
small tributaries draining segment IVb. (c) Type C has a short common trunk with a large IVb tributary passing through the parenchyma
of segment IV
Table 1 Total and segmental mean  standard deviation volumes of
the left liver before and after right hepatectomy conserving the
middle hepatic vein at a mean delay of 35 days
Preoperative volume Postoperative volume
TLV, cm3 1409  367 1103  341
VolumeI, cm3 30  17 35  24
VolumeII,III, cm3 293  153 725  187
VolumeIV, cm3 232  121 321  177
RI/LL, % 5.5  3 3.2  2
RII,III/LL, % 53  13 68  9
RIV/LL, % 42  13 29  8
TLV, total liver volume; VolumeI, segment I volume; VolumeII,III, left lateral
section volume; VolumeIV, segment IV volume; RI/LL, ratio of segment I to
left liver volume; RII,III/LL, ratio of left lateral section to left liver volume;
RIV/LL, ratio of segment IV to left liver volume.
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diameter was >5 mm. Tributaries were named distal according to
the direction of venous flow towards the vena cava. The presence
and diameter of a scissural vein or vein of the umbilical scissura as
described by Couinaud1 or Masselot and Leborgne15 were noted,
as well as the number and origin of left liver arteries.
Patients in whom two major tributaries joined to form the
principal trunk of the MHV were classified as having type 1
anatomy [classical branching (type A in Renz–Neumann classi-
fication)]. Patients with either a major tributary draining seg-
ments V and VI, and multiple smaller tributaries on the left side
of the MHV draining segment IV (Renz–Neumann type B), and
patients with a major tributary of the MHV draining segment
IV and originating close to the vena cava confluence (Renz–
Neumann type C) were classified as having type 2 anatomy.
Indeed, these patients were considered to be at low risk for
segment IVb congestion in view of the presence of numerous
drainage tributaries.16,17
Statistical analysis
Volume and proportion are expressed as the mean  standard
deviation (SD) or as the median and range as appropriate. Analy-
ses were conducted using spss Version 17.0 (SPSS, Inc., Chicago,
IL, USA). The relationships between MHV anatomy and varia-
tions in segment volume ratios were analysed using the Mann–
Whitney U-test or paired Student’s t-test as appropriate. A
difference was considered significant when its P-value was <0.05.
Results
Vascular anatomy
Fourteen patients (70%) demonstrated classical branching (type
1). Four patients (20%) had type B branching, with multiple
tributaries measuring <5 mm in diameter joining the MHV trunk.
Two patients (10%) had small tributaries joining the distal part of
the MHV with one major tributary for segment IVa draining into
the MHV close to the common trunk (type C). These frequencies
are comparable with those previously reported.12,13 All patients
had a scissural vein; the mean diameter of these was 4.95 
2.00 mm.
All patients had at least one arterial branch to segment IV
originating from the left hepatic artery. Two patients had an acces-
sory artery to segment IV originating from the bifurcation of the
common hepatic artery.
All patients had normal portal venous anatomy without major
anomalies. Radiographic hepatic venous reconstructions were
controlled for quality and resolution.
Variation in proportions of remnant left liver segments
after right hepatectomy and PVE
Liver segmental volumes and proportions before and after right
hepatectomy are reported in Table 1.
Before right hepatectomy, there was no significant difference in
the proportions of the left liver represented by segment IV, and
segments II and III (42% and 53%, respectively; P = 0.09). After
Figure 3 (a) Proportions of segments II and III (RII,III/LL) and segment IV (RIV/LL) in the left liver are represented before and after hepatectomy.
Although they are comparable before hepatectomy, they diverge in favour of segments II and III. (b) Variation in the volumes of segments
II and III (Var RII,III/LL) and segment IV (Var RIV/LL) after right hepatectomy with conservation of the middle hepatic vein. The proportion of
segments II and III increases 1.2-fold, but the proportion of segment IV decreases by a factor of 0.8 (P = 0.002)
Table 2 Total and segmental mean  standard deviation volumes of
the left liver before and after right portal vein embolization at a mean
delay of 40 days
Preoperative
volume
Postoperative
volume
TLV, cm3 1522  340 1700  362
VolumeI, cm3 25  8 17  4
VolumeII,III, cm3 298  76 412  81
VolumeIV, cm3 202  89 249  85
RI/LL, % 4.9  1 2.7  1
RII,III/LL, % 58  8 61  10
RIV/LL, % 38  8 36  11
TLV, total liver volume; VolumeI, segment I volume; VolumeII,III, left lateral
section volume; VolumeIV, segment IV volume; RI/LL, ratio of segment I to
left liver volume; RII,III/LL, ratio of left lateral section to left liver volume;
RIV/LL, ratio of segment IV to left liver volume.
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right hepatectomy, segments II and III represented 68 9% of the
remnant liver, whereas segment IV volume represented 29  8%
(P < 0.001) (Fig. 3a).
There was a significant difference between the pre- and post-
hepatectomy volumes of segments II and III, and segment IV. The
proportion of the left liver represented by segments II and III
increased by 15%, whereas the proportion of the left liver repre-
sented by segment IV decreased by 13% (P < 0.001) (Fig. 3b). The
proportion of segment I decreased significantly after liver regen-
eration (5.5% vs. 3.2%; P = 0.001).
Segmental volumes and proportions before and after PVE are
reported in Table 2. Segment IV represented 38  8% and 36 
10%, respectively, before and after PVE (P = 0.6). Measurements
of the proportions of segments II and III taken before and after
PVE did not differ significantly (P = 0.14). These results support
the suggestion that venous drainage plays a prevalent role in the
lesser regeneration of segment IV.
Relationship between MHV branching patterns and
segment IV regeneration
There was no significant difference in segment IV regeneration
between the two patterns of distal MHV branching (P = 0.29).
Among the 14 patients with classical branching of the
MHV (type 1), six patients demonstrated an interruption of
the MHV trunk above the confluence on postoperative MDCT
as a result of the loss or thrombosis of venous drainage of
segment IVb. Clinical and biological parameters and segmental
volumes in these six patients were compared with those in eight
patients in whom segment IVb outflow had been conserved and
are reported in Table 3. The median delay between right hepa-
tectomy and postoperative CT tended to be longer in the group
in which a venous branch of segment IVb was sacrificed,
although the difference between the two groups was small
[35 days (range: 18–48 days) and 36 days (range: 27–55 days);
P = 0.47].
Table 3 Demographic and perioperative data for 14 type 1 patients with and without conservation of the segment IVb vein
Segment IVb+ Segment IVb– P-value
Patients, n 8 6
Age, years, median (range) 51 (33–80) 54 (27–73) 0.92
BMI, kg/m2, median (range) 24 (21–32) 25 (22–29) 0.76
Preoperative ICG, %, median (range) 5.3 (3–8) 6 (2–10) 0.77
Preoperative bilirubin, mmol/l, median (range) 9 (7–13) 14 (8–12) 0.11
Preoperative albumin, g/l, median (range) 37 (29–40) 40 (34–43) 0.32
Preoperative PT, %, median (range) 81 (72–95) 92 (71–100) 0.31
Total regeneration, %, median (range) 74 (51–82) 83 (63–102) 0.17
Preoperative RIV/LL, %, median (range) 39 (15–42) 49 (25–64) 0.1
Postoperative RIV/LL, %, median (range) 32 (18–37) 28 (16–32) 0.29
Variation in LL, %, median (range) 114 (99–119) 160 (104–196) 0.009
Variation in segment IVa, %, median (range) 88 (73–119) 52 (41–83) 0.003
aVariation in the proportion of segment IV is significantly different between the groups.
BMI, body mass index; ICG, indocyanine green clearance at 15 min; PT, prothrombin time; CT, computed tomography; RIV/LL, ratio of segment IV to
left liver volume; LL, left lobe.
Included patients (n=20)
Type A (n=14) Type B (n=4) Type C (n=2)
Type 1 (n=14)
V4b conservation (n=8) V4b sacrifice (n=6)
Type 2 (n=6)p=0.29
p=0.003
Figure 4 Classification of the population according to middle hepatic vein (MHV) anatomy and IVb vein conservation. Differences in the
regeneration of segments II and III, and segment IV are presented with P-values. There is no significant difference in regeneration between
the two types of MHV anatomy. In the classical anatomy, the loss of the IVb vein is not rare and leads to significantly impaired segment IV
regeneration
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There was significantly less regeneration of segment IV in the
six patients in whom the major segment IVb vein had been sac-
rificed compared with the patients in whom IVb venous drainage
had been conserved (median: 52% vs. 88%; P = 0.003) (Fig. 4).
Concomitantly, segments II and III grew more in this group than
in the group in which the IVb vein had been conserved (P =
0.009). The evolution of the proportions of segment IV and seg-
ments II and III is shown in Fig. 5. There was no modification of
segmental proportions in the group with IVb vein conservation,
whereas patients deprived of the IVb tributary showed a decrease
in segment IV volume and a reciprocal increase in the proportion
of segments II and III.
There was no significant difference in overall liver regeneration.
None of the patients presented with liver dysfunction.
Relationship between levels of IVb major tributaries
and segment IV regeneration
In patients with classical MHV anatomy (confluence of segment V
and IVb vein tributaries), the distance between MHV bifurcation
and the anterior border of the liver was 90.8 18 mm in patients
with IVb vein conservation and 71.4 7 mm in patients with IVb
vein deprivation (Table 3). The bifurcation of the MHV was sig-
nificantly closer to the anterior border in patients in whom the
IVb vein was interrupted (P = 0.03) (Fig. 6).
Discussion
This study shows that, globally, liver segment IV regenerates pro-
portionally less than segments II and III after right hepatectomy.
It highlights the importance of identifying patients at risk of
segment IVb venous drainage alteration according to MHV
branching pattern. The classical MHV pattern (type 1) carries a
risk for major segment IVb vein sacrifice during right hemihepa-
tectomy, resulting in venous congestion of segment IV (Fig. 6).
This risk is increased when the confluence of segment IVb and V
veins is close to the anterior border of the liver.
The total liver, lobar and segmental volumes calculated in this
study are consistent with those of other recent studies.18–20
Advanced liver surgery techniques that enable complex and repeat
resections for cancer, as well as small-for-size grafts for transplan-
tation, depend on a thorough understanding of liver anatomy. The
ability to predict and even plan for post-hepatectomy anatomy
can facilitate a global treatment strategy such as staged hepatic
resection for cancer. This study supports the hypothesis that in the
regenerating left liver, the paramedian sector of the remnant liver
(segment IV) regenerates to a lesser extent than do segments II
and III.
This differential growth of segment IV and segments II and III
has already been recognized in right liver living donors when the
graft has included donation of the median hepatic vein to the
recipient.21–23 Post-transplant segment IV regeneration after living
donor liver transplantation depends on the pattern of its venous
drainage.24 The presence of a large vein draining into the left
hepatic vein (LHV), described as the scissural or left medial vein
in anatomic studies, is associated with better regeneration than is
predominantly MHV drainage. In patients without a scissural
vein, a decrease in segment IV volume can be observed. Scatton
et al.25 underlined the impact of left liver congestion in living liver
donors in terms of biological and regenerative capacity according
to the pattern of drainage of segment IV. Congestion was signifi-
cantly less frequent in patients in whom the MHV was conserved
and in those in whom venous drainage was shared between the
MHV and LHV. This congestion was associated with impaired
liver function and retarded regeneration of segment IV. The bio-
logical consequences associated with MHV anatomy following
resection were also underlined in a study comparing prothrombin
time, bilirubin and liver enzyme peaks after living donor right
hepatectomy, in which three groups of patients conformed to
R2-3L V4B+
R2-3L V4b-
0.9
Ratio
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
Preoperative mean Postoperative mean
R4L V4B−
R4L V4b−
Figure 5 Evolution of the proportions of segments II and III (percent-
age of left liver) and segment IV (percentage of segment IV) in
patients with and without conservation of the segment IVb vein.
These proportions are stable in the IVb vein+ group, but in the IVb
vein- group the proportion of segment IV decreases and that of
segments II and III increases to become significantly higher than that
of segment IV
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Nakamura and Tsuzuki’s classification26 of venous drainage and
the presence of a visible scissural vein.27 In that study, MHV pre-
dominance or mixed drainage without conservation of the major
IVb vein was a significant factor predicting adverse outcome after
right hepatectomy in living liver donors.27 The presence or
absence of a scissural vein had no impact on functional outcome.
These studies have been the basis of the development of a large
literature on safety and indications for MHV reconstruction in
living donor recipients. In these patients, it is now commonly
accepted that venous outflow disruption is the cause of an asym-
metrical regeneration of the left liver after right liver donation.
This observation could be explained by the induction of
hepatofugal flow in a part of segment IV as a consequence of the
absence of outflow.24
Indeed, the cohort of patients treated by right hepatectomy in
the current study was selected on the basis of MHV conservation,
but, despite this selection, heterogeneous regeneration of the left
liver was observed across the sample. Importantly, this pattern of
regeneration was not observed in a comparison group of patients
in whom the right portal branch had been embolized. Together
with the absence of portal vein anomalies, this finding supports
the hypothesis that, despite the conservation of the MHV trunk,
some aspects of liver regeneration may be determined by venous
outflow anatomy.
Hepatic resection has mainly been guided by portal venous
pedicles. The MHV trunk serves as the landmark for right hepa-
tectomy, but its distal tributaries are not routinely studied in pre-
operative imaging nor localized during IOUS. A technique of right
hepatectomy based on intraoperative detection of the MHV that
enables a transection plane that conserves its distal tributaries has
been described in order to overcome this issue.28
In order to achieve a functionally correct right hepatectomy,
that adequately conserves both inflow and outflow, preoperative
workup before right hepatectomy should include MHV anatomy
analysis to identify patients in whom perioperative ultrasonogra-
phy might precisely guide parenchymal transection to conserve
segment IVb tributaries.
Although the preservation of these MHV tributaries does not
impact global liver regeneration, it may have an impact on treat-
ment strategy in the long term. Indeed, it is interesting that among
the patients in whom segment IV represented >30% of the left
liver before hepatectomy and < 30% of the remnant liver after
hepatectomy, 80% had type A MHV anatomy (the most frequent
anatomy type). In 75% of the patients with this classical anatomic
pattern, the IVb tributary was sacrificed at the time of liver resec-
tion. This may be of particular importance: if repeat hepatectomy
was to be performed in the future in these patients, the remnant
volume of segment IV might become a contraindication to a
curative left lateral sectionectomy.
In conclusion, this study demonstrates that segment IV regen-
erates to a lesser extent than segments II and III after right hepa-
tectomy with preservation of the MHV. This heterogeneous
Figure 6 (a) Absence of visualization of the segment IVb vein after a right hepatectomy in a patient with type A anatomy (arrow); the middle
hepatic vein (MHV) trunk is interrupted before MHV bifurcation, as shown by the dashed line on the preoperative MHV reconstruction.
(b, c) Two different settings according to the depth of bifurcation of MHV; in (c), the risk for IVb vein sacrifice is higher when the bifurcation
is closer to the anterior border of the liver. The dotted line corresponds to a virtual transection plane that would run along the same
landmarks. In (b), the IVb vein would be spared as it joins the MHV deeper in the parenchyma
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regeneration is marked in type 1 patients with IVb vein depriva-
tion to almost the same extent as in patients with MHV sacrifice.
Preoperative assessment of MHV anatomy can identify patients at
risk for IVb vein deprivation. The use of IOUS to identify not only
the MHV trunk, but also its terminal tributaries, can greatly aid in
the preservation of IVb venous outflow to assure optimal regen-
eration of the remnant liver.
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